Introduction
Lifelong production of all blood cell types is sustained by the multipotent hematopoietic stem cells (HSCs). HSCs are formed only during a narrow time window in embryonic development, after which their pool is maintained by self-renewing cell divisions. However, HSCs are not the first hematopoietic cells to appear during development, as early embryonic survival depends on the immediate production of mature blood cells. The challenge of rapidly generating the differentiated blood cells while concomitantly protecting developing HSCs from premature differentiation is met by segregating embryonic hematopoiesis into multiple waves that occur in different anatomical compartments.
The first, transient populations of blood progenitors giving rise to the primitive erythroblasts and definitive myelo-erythroid cells -required to ensure fetal oxygen delivery, tissue remodeling and defense -are produced in the blood islands of the extra-embryonic yolk sac [1, 2] . As the conceptus develops, other vascular tissues are recruited for HSC production. Once generated, HSCs are sequestered into the fetal liver for their expansion and maturation before establishing lifelong residence in the bone marrow [3] . The aorta-gonad-mesonephros (AGM) region and the umbilical and vitelline arteries have been regarded as the sites of HSC emergence [4, 5] . However, as the fetal liver cannot generate HSCs in situ and the number of HSCs found in the liver far exceeds the quantity formed in the AGM, the question was raised whether the yolk sac could also contribute to the pool of fetal liver HSCs, or whether another yet unidentified organ could participate in this process. Recent studies have revealed that the placenta is a major hematopoietic organ contributing to both generation and expansion of multipotential hematopoietic stem/progenitor cells. Here, we review how hematopoietic activity in the placenta was discovered in mice and humans, and discuss the recent findings on the cellular origin and regulation of placental HSCs.
Discovery of hematopoietic stem cells in the mouse placenta
Purpose of review The lifelong stream of all blood cells originates from the pool of hematopoietic stem cells (HSCs) generated during embryogenesis. Given that the placenta has been recently unveiled as a major hematopoietic organ that supports HSC development, the purpose of this review is to present current advances in defining the origin and regulation of placental HSCs.
Recent findings
The mouse placenta has been shown to have the potential to generate multipotential myelo-lymphoid hematopoietic stem/progenitor cells de novo. The cellular origin of HSCs generated in the placenta and other sites has been tracked to the hemogenic endothelium by using novel genetic and imaging-based cell-tracing approaches. Transplantable, myelo-lymphoid hematopoietic stem/progenitor cells have also been recovered from the human placenta throughout gestation. Summary The discovery of the placenta as a major organ that generates HSCs and maintains them in an undifferentiated state provides a valuable model to further elucidate regulatory mechanisms governing HSC emergence and expansion during mouse and human development. Concurrent efforts to optimize protocols for placental banking and HSC harvesting may increase the therapeutic utility of the human placenta as a source of transplantable HSCs. was overlooked as a potential hematopoietic organ for decades, newfound interest in its role in blood formation has awakened in light of recent findings confirming that the placenta possesses intrinsic hematopoietic properties.
The hypothesis that the placenta could bear de novo hematopoietic activity stemmed from chick-to-quail grafting experiments, which revealed the presence of multipotent hematopoietic cells in the avian allantois [9] . The allantois is a mesodermal appendage that functions in oxygen and nutrient exchange in avian embryos, analogous to the mammalian placenta. As the mammalian allantois gives rise to the umbilical cord and placental vasculature, it was hypothesized that these tissues could be engaged in hematopoiesis. A screen for hematopoietic activity across extraembryonic and intraembryonic sites in mid-gestation embryos revealed multipotent progenitors in the placenta at the 20 somite-pair stage (approximately E9.0), that is, after similar progenitors were detectable in the yolk sac and the caudal half of the embryo but before the fetal liver [10] . Subsequent studies confirmed that the placenta harbors bona fide HSCs that are able to generate all blood cell types upon serial transplantation into lethally irradiated adult mice [11, 12] . Transplantation assays detected the first HSCs in the placenta at E10.5-11.0, concurrently with the AGM. Placental HSC activity increased rapidly by E12.5-13.5. At this time, the placenta harbored 15-fold more HSCs than the AGM or the yolk sac, whose repopulating units remained low. The number of HSCs in the liver increased concomitantly with the placenta [11] , rising through late gestation even while the placental HSC pool declined. As the placenta is directly upstream of the liver in fetal circulation, these findings pointed to the placenta as a major contributor of HSCs seeding the liver.
Transplantation of cells from the placenta, purified by fluorescence-activated cell sorting, confirmed that its HSCs at E12.5 displayed the classical surface phenotype of actively cycling fetal HSCs, expressing CD34 and c-Kit [11] . Interestingly, another study presented E12.0 placental cells that were able to engraft in Rag-2 À/À gC À/ À recipients and lacked the expression of CD150 and CD48 surface antigens [13] . This finding implies that although these CD150 À CD48 À HSCs are capable of multilineage engraftment, they may be phenotypically more immature than the CD150 þ
CD48
À HSCs found in the fetal liver later in development. Phenotypic maturation also occurs with respect to vascular endothelial cadherin (VEC), which is expressed on endothelium and nascent HSCs [14] , but this cell-surface protein is rapidly downregulated upon HSC colonization of the fetal liver and is absent from bone marrow HSCs [15, 16] . These results suggest that in addition to changes in anatomic localization of HSCs, the dynamic process of HSC development also involves transitions in cell surface phenotype.
Hematopoietic activity in the human placenta
Because hematopoiesis is highly conserved in vertebrates, the discovery of HSCs in the mouse placenta attracted interest in the hematopoietic potential of the human placenta. Recent studies have provided evidence that the human placenta harbors hematopoietic activity throughout gestation [17 ,18 ,19] . It is important to note that two different systems are used to denote the age of a human conceptus: the developmental age [18 ] calculated as the number of weeks from conception, and the clinical gestational age [17 ,19] , which is 2 weeks more than the developmental age. One group reported that CD34 þþ CD45 low placental cells could generate myeloid cells with some erythroid derivatives in methylcellulose assays, as well as natural killer and B cells in liquid cultures. Although the total number of CD34 þþ CD45 low cells increases with placental mass as gestational age advances, the frequency of these cells peaks at 5-8 weeks and declines sharply at 9 weeks of gestation (i.e. 3-6 weeks and 7 weeks of developmental age, respectively) [17 ,19] . This was reminiscent of the kinetics of HSCs in the mouse placenta [11] . Residence of long-term reconstituting HSCs in human placentas was demonstrated in another study by performing transplantation assays of sorted CD34 þ cells into irradiated nonobese diabetic-severe combined immunodeficiency or Rag gC À/À mice [18 ] . Multilineage reconstitution was observed from 9 weeks after conception until full-term delivery, whereas engraftment of human cells could be detected by PCR as early as 6 developmental weeks (11 and 8 weeks of gestational age, respectively). Although more work needs to be done to define the origin of HSCs in the human placenta, these studies have uncovered the human placenta as a robust and more accessible hematopoietic organ that can be used to investigate HSC ontogeny and regulation during human development.
Furthermore, the placenta may provide an additional source of HSCs for transplantation. Since the pioneering clinical studies that established the umbilical cord blood as a source of transplantable HSCs two decades ago, there have been continuous efforts to enhance the methods for the collection, cryopreservation and recovery of viable cells [20, 21] . It is possible that in combination with the HSCs harvested from the cord blood, HSCs obtained from the placenta proper may provide sufficient HSCs to transplant adult patients.
Origin of hematopoietic stem cells in the placenta
Although functional assays suggested that the placenta provides a supportive niche for HSCs, these assays alone could not determine definitively whether placental HSCs emerge in situ or migrate from other hematopoietic sites.
Because fetal blood circulation is directed from the dorsal aorta through the placenta to the fetal liver, most HSCs generated in the AGM traverse the placenta along their journey towards the liver and may pause in placental niches for expansion, thereby contributing to the total placental HSC count.
In order to evaluate the capacity of the placenta to generate HSCs de novo, it is important to understand its ontogeny and structure [22, 23] . The placenta is composed of two main tissues, the trophoblast and the mesoderm. The trophoblast lineage (trophectoderm) segregates from the embryonic lineage (inner cell mass) before implantation at the blastocyst stage (E3.5 in mice). Trophoblasts comprise the most abundant cell type in the placenta and line the maternal blood spaces, whereas the mesoderm-derived allantois generates the feto-placental vasculature. The allantois grows from the posterior primitive streak into the exocoelomic cavity and fuses with the chorion, inducing the extensive branching of the fetal vasculature into the trophoblast layer. This chorioallantoic patterning results in the formation of the labyrinthine region in the murine placenta and the chorionic villi in the human placenta, which are homologous sites of fetal-maternal exchange (See Fig. 1 ).
To investigate whether the placental mesodermal tissues possess endogenous hematopoietic potential, mouse allantois and chorion were isolated prior to the establishment of circulation and subjected to explant or stroma co-culture assays. Two independent studies reported the capacity of these mesodermal tissues to generate myeloid and definitive erythroid cells in culture, providing evidence that placental tissues devoid of any circulating cells indeed had intrinsic hematopoietic potential [24, 25] . Further evidence that the placenta is an autonomous site of origin of multipotential hematopoietic stem/progenitor cells was provided by studies using Ncx1 À/À mouse embryos, which do not have blood flow owing to the lack of heartbeat [26] . Even in the absence of circulating contributors, cells expressing CD41 (a marker of nascent hematopoietic cells) were found to emerge from the lumen of large fetal blood vessels in the placenta at E10.0. Most importantly, placental tissues possessed the ability to generate both myelo-erythroid as well as B and T lymphoid cells, documenting the broad differentiation potential that is characteristic of HSCs. The results were comparable to the observed multilineage hematopoietic potential in the caudal half of the embryo proper (which contains the developing AGM) as well as in the yolk sac. Because the Ncx1 À/À embryos become developmentally retarded and die before Placenta as a source of hematopoietic stem cells Lee et al. 315 Figure 1 The placenta is a hematopoietic organ that supports generation and proliferation of hematopoietic stem cells (a) The mouse placenta consists of two distinct vascular regions that function as putative niches for HSC development. The chorionic plate harbors large fetal blood vessels that are contiguous with the umbilical cord vessels and connect with the fetus. These blood vessels are potential sites of HSC generation (i). The labyrinth region contains an extensive network of small fetal blood vessels that are surrounded by trophoblasts lining the maternal blood spaces. The labyrinth is the site of fetal-maternal exchange, and may serve as a niche for HSC expansion (ii). (b) The human placenta also contains two vascularized regions, the chorionic plate and the villi. The villi are physiologically analogous with the labyrinth of the mouse placenta and contain hematopoietic stem/progenitor cells in the vascular and perivascular locations. It is hypothesized that the large vessels of the chorionic plate in the human placenta also have de novo hematopoietic potential. Although the macroscopic organization of the placenta and other extra-embryonic tissues differ between humans and mice, it is likely that similar cellular and molecular mechanisms coordinate placental hematopoiesis in both species. CP, chorionic plate; DA, dorsal aorta; Dec, decidua; EC, endothelial cell; FL, fetal liver; HSC, hematopoietic stem cell; Lab, labyrinth; MB, maternal blood space; Pe, pericyte; St, stroma; Tb, trophoblast; Vi, villi; YS, yolk sac. E10.5, it was not possible to assess the engraftment and self-renewal potential of these cells by transplantation into adult recipients. Nevertheless, these studies provide strong evidence that the placenta parallels the AGM and the yolk sac in its intrinsic capacity to generate multipotential hematopoietic stem/progenitor cells de novo.
Not only the anatomical source but also the cellular origin of HSCs has been a controversial topic. It has been postulated that the HSCs derive from a bipotent hemato-endothelial precursor (the hemangioblast) or a specialized endothelial cell (the hemogenic endothelium). One opposing theory has suggested that HSCs are specified within the tissue encapsulating the vascular endothelium and migrate through the vessel wall to be released into the bloodstream [27] . Recent studies using imaging techniques and conditionally targeted mouse models for lineage tracing suggest a unifying pathway whereby the hemangioblast first gives rise to hemogenic endothelium, which in turn generates hematopoietic stem/progenitor cells. One study used time-lapse imaging of embryonic stem cell in-vitro differentiation to document the development of hematopoietic progenitors from blast colonies, the in-vitro equivalents of the hemangioblasts [28 ] . The cellular morphology and immunophenotype suggested that hemangioblasts first undergo Scl-dependent establishment of hemogenic endothelial intermediates before giving rise to committed blood cells. Another study confirmed the transition of individual embryonic stem cell-derived hemangioblasts to hematopoietic cells via an endothelial intermediate using an imaging-based fate tracing approach that allowed monitoring of single cells and their progeny [29 ] . The role of the hemogenic endothelium as a source of HSCs was verified in vivo using a conditional deletion of Runx1 (a transcriptional factor essential for HSC formation) from cells expressing VEC [30 ] . At E9.5, VEC is expressed in the vasculature throughout the conceptus, including the developing placental labyrinth. Although excision of Runx1 from VEC þ cells impaired hematopoietic stem/progenitor cells development, its excision from VAV þ hematopoietic cells no longer caused this defect. This indicated that Runx1 is essential for hematopoietic stem/progenitor cell development during a short developmental window (the time between the onset of VEC and Vav expression), providing evidence of the hemogenic endothelium as the HSC precursor. Likewise, when the vasculature and the perivascular mesenchyme were labeled with the inducible VEC Cre line and the myocardin Cre line, respectively, it was shown that HSCs in the AGM, placenta and yolk sac were traced to the VEC þ endothelial fraction [31] . Although these studies strongly suggest that a crucial commitment step to HSC fate occurs during the hemogenic endothelial stage, they do not exclude the possibility that the hemogenic endothelium could develop from a mesenchymal precursor that does not express myocardin.
Hematopoietic microenvironment in the placenta
In addition to the progress made in understanding the cellular origin of HSCs, current reports provide novel insights into signals regulating HSC development in the microenvironment. Recent studies demonstrate that blood flow and shear stress are critical for efficient HSC formation in the placenta. Ncx1 À/À embryos, which lack a heartbeat, show reduced numbers of nascent CD41 þ hematopoietic cells in the placental vasculature [26] . Although the lack of circulating hematopoietic stem/ progenitor cells could result in decreased hematopoietic progenitors, prominent clusters of round cells expressing the endothelial marker CD31, and occasionally the hematopoietic marker CD41, were observed in the lumens of the large vessels in the Ncx1 À/À placenta. It was hypothesized that these endothelial cell clusters represent hemogenic intermediates, which are unable to emerge in the absence of blood flow and thus accumulate in the placental vessels. The relationship between blood flow and shear stress was shown mechanistically in the zebrafish system. In Sih (silent heart) mutant zebrafish embryos, which also lack a heartbeat, the absence of blood flow impaired arterial identity and HSC formation in the AGM owing to defective nitric oxide signaling [32 ] . A similar phenotype was found in wild-type embryos where blood vessel tone was altered with small molecules. The induction of shear forces has also been shown to enhance Runx1 expression and hematopoietic potential in cells derived from mouse embryonic stem cells and embryos [33 ] . These results implicate hemodynamic forces as a conserved modulator of HSC development.
Although the molecular cues that regulate hematopoiesis in the placenta remain largely undefined, many cell types likely contribute to this supportive microenvironment. In mice, Runx1 þ hematopoietic stem/progenitor cells undergoing mitosis localized to small vessels in the labyrinthine region, suggesting that local signals support hematopoietic stem/progenitor cell proliferation [26] (see Fig. 1 ). In human tissues, CD34 þ hematopoietic stem/ progenitor cells were found in the stroma and vasculature of the chorionic villi, the region analogous to the murine labyrinth [17 ,18 ,26] . The ability of trophoblasts to secrete mitogens and angiogenic factors, in addition to their proximity to placental blood vessels, makes them intriguing candidates for niche cells [34] . Trophoblastderived signals may affect HSCs by direct contact, or indirectly by establishing a vascular/perivascular niche, where HSCs reside. Perivascular cells and/or mesenchymal stem cells (MSCs) in other hematopoietic organs have been associated with HSC supportive activity [35] . Cells with pericyte characteristics capable of expanding colony forming unit-granulocyte monocyte (CFU-GM) and CFU-Mix progenitors during coculture were identified as putative niche cells in the human placenta [18 ] . One study detected cells containing MSC properties with perivascular cells in the villi of second and third trimester human placentas [36] . Beyond identifying the cellular composition of the placental microenvironment, it is also important to understand the physiological changes that occur in the placenta during development. For example, changes in local oxygen levels are also likely to impact HSC fate during embryogenesis. It is known that hypoxia during early gestation promotes not only vasculogenesis and establishment of arterial endothelium [37] , but also trophoblast proliferation [38] . These data highlight the dynamic and multifaceted composition of the placental hematopoietic microenvironment, and provide new avenues to explore the complex regulation of HSC emergence and expansion.
Conclusion
The limited supply of HSCs for therapeutic use remains as one of the most pressing challenges in treating patients with hematopoietic malignancies and inherited blood disorders. The placenta provides another source of HSCs that can be harvested to supplement the circulating HSCs obtained from umbilical cord blood. The term placenta is an attractive source for HSCs because its procurement is noninvasive and it is routinely discarded. Furthermore, the first trimester placenta provides an accessible model for studying the earliest stages of HSC development. Improved understanding of the molecular and cellular mechanisms that govern HSC development in the placenta at different stages may ultimately provide effective tools to enhance protocols for HSC harvesting, ex-vivo expansion, and generation from pluripotent cells. Time-lapse imaging of differentiating mouse embryonic stem cells was used to delineate the developmental progression from the hemangioblast to hemogenic endothelium to hematopoietic cells.
